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The  information  contained  herein  has  been  reproduced  to  disseminate  to 
Government  and  industry,  as  rapidly  as  possible,  current  data  vital  to 
Army  rotary-wing  progress  and  objectives.  In  this  respect,  it  is  empha¬ 
sized  that  the  data,  although  measured  flight  data,  are  preliminary: 
therefore,  the  contents  of  this  document  are  subject  to  revision. 


SUMMARY 
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'This  report  summarizes  the  flight  tejfr  results  of'the  .Phase  III 
four-bladed  rotor  testing  on  the  XH-51A  'rigid  rotor”  helicopter.  The 
object  of  Phase  III  was  to  evaluate  the  four-blade  rotor  in  comparison 
with  the  three-blade  rotor.  Ground  tests  commenced  on  13  July  1964  .with 
the  first  flight  on  21  July  1964.  The  phase  was  terminated  on  3  October 
1964  after  49  flights  and  14.9  flight  hours./ 


Results  and  Discussion 


General 

—  — —  .n  \ 

Two  problems  were  apparent  as  a  result  of  early  flights ,  blade 
stresses  and  vibration  level  -  both  were  high.  At  this  Stage,  the  , 
transmission  was  in  soft  suspension  in  pitch  only  with  a  spring  rate  of 
14,400  pounds/inch;  vertically  and  laterally  the  mount  was  solid.  The 
fuselage  vibration  problem  was  dominantly  4P;  it  was  considered  that  this 
resulted  from  the  second  add  third  harmonics  of  blade  natural  flapping 
frequency  which  were  close  to  3P  and  5P.  The  3P  and  5?  rotating  inputs 
resulted  in  a  4P  shaft  oscillation  which  was  transmitted  to  the  fuselage.  .*<v 
The  fuselage  responds  rather  readily  to  frequencies  in  this  range.  The 
transmission  suspension  was  varied  Incrementally  to  tune  it  to  a  point  of> 
minimum  transmlssabllity;  this  approach  had  not  been  completed  at  the  close 
of  Phase  III.  Additionally,  experimental  moves  were  made  towards  cutting 
down  the  input  by  reducing  the  blade  natural  flapping  frequencies.  The 
configuration  at  the  termination  of  the  phase,  resulting  from  these  two 
approaches,  Incorporated  a  13-pound  weight  at  station  6.0  on  each  of  the 
four  blades  and  the  transmission  soft  mounted  in  pitch,  roll,  and  vertically. 
Blade  stresses  were  reduced  to  within  the  Infinite  life  level  and  vibration, 
although  unacceptable  from  a  production  viewpoint,  was  also  considerably 
reduced; 

Apart  from  the  vibration  level,  no  flying  qualities  problems  were 
encountered.  A  marked  increase  in  the  Phase  III  flight  envelope  was 
achieved,  2.5  g  being  demonstrated  from  0  to  120  knots  CAS  And  a  speed  of  ’ 
180  knots  IAS  flown  in  a  shallow'  dive.  ' 

Phase  III  employed  four  blades  of  the  same  design  used  on  the  three- 
blade  rotor1,  the  hub  blade  attachment  geometry  was  modified,  compared,  with 
that  employed  in  the  Phase  II  flying.  The  only  significant  problem 
apparent  at  the  close  of  Phase  III  was  fuselage  vibration,  none  of  the 
stability  problems  encountered  with  the  three-blade  rotor  existed  and 
stress  levels,  subject  to  fatigue  test  confirmation,  indicate  infinite  life 
for  the  hub.  With  the  reduction  of  the  vibration  level  to  within  normal 
limits,  a  substantial  speed  envelope  expansion  should  be  possible.  The 
phase  is  considered  a  considerable  success  in  that  a  marked  increase  in 


flight  envelope  was  demonstrated,  no  stability  problems  existed,  and  no 
problems  considered  insurmountable  were  encountered.  The  stability 
characteristics  confirmed  the  advisability  of  the  choice  of  the  four-blade 
rotor  for  the  compound  configuration. 

Configuration 

Four-blade  rotor  -  The  blade  design  was  that  employed  during 
Phase  II,  the  three-blade  rotor;  however,  the  blade  hub  attachment  was 
modified.  The  cone  angle  built  into  the  hub  was  increased  from  2.8 
degrees  to  3.2  degrees. 

Main  rotor  gearbox  suspension  varied  as  described. 

Tailplane  angle  of  incidence  -5^°  through  test  271  and 
-3®  thereafter. 

Blade  weights  13  pounds  each,  fitted  to  each  main  rotor 
blade  at  station  6.0  for  test  352  and  remained  on  thereafter. 

Four-arm  gyro  7.3  slug  ft  . 

Arm  incidence  30  degrees. 


Structures 

Structural  loads  recorded  during  the  program  included  main  rotor 
hub  and  blades,  gyro  control  anas,  main  rotor  pitch  link,  tail  rotor  and 
tailplane  loads.  An  Incremental  approach  was  employed  during  the  tests, 
flight  records  being  examined  prior  to  further  envelope  expansion. 

Figures  1  and  2  compare  Phase  II  and  III  flight  envelopes.  At  a 
C.G.  of  .  1.5”  forward,  the  envelope  is  substantially  2.5  to  0.2  g  up- to 
120  knots  CAS  with  reducing  normal  acceleration  cut  to  165  knots  CAS. 

The  aft  envelope  was  opened  up  in  only  three  or  four  flights  and  no 
specific  attempt  was  made  to  exceed  the  Phase  II  envelope.  While  it  is 
felt  that  there  would  be  little  point  in  extending  the  hover  beyond  the 
0.15  to  2.7  g  demonstrated,  no  structural,  performance,  or  stability 
limits  were- encountered  in  forward  flight. 

Rotor -Stresses 


A  review  of  all  structural  data  indicates  that  .hub  station  7.0  is 
the  critical  fatigue  section  of  the  rotor.  It  consists  of  three  steel 
laatinations'/bonded  and  bolted  together.  Assuming  a  stress  concentration 
of  3,  the  endurange  licit  stress  is  26,000  psi.  The  strain  calibrations 
were  effected  in  terms  of  bending  moment  rather  than  stress  because  the 
bending  moment  curve  along  the  span  of  hub  and  blade  is  predictable.  The 
.conversion  of  bending  moment  to  stress  at  station  7.0  is  as  follows: 
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Flapwise  .bending  Station  6.0  moment  x  1.42  ■ 

station  7.0  stress 

Chordwise  bending  Station  6.0  moment  x  1.152  « 

station  7.0  stress 

Figure  3  shows  that  during  the  initial  flights,  the  chordwise  bend¬ 
ing  stress  was  40  percent  lower  than  that  in  the  three-blade,  but  the 
flapping  stress  was  up  by  80  to  90  percent.  At  this  stage,  the  vibration 
was  very  high  and  a  series  of  changes  in  transmission  suspension  springs 
was  initiated  to  reduce  both  vibration  and  stress,  the  pitch  spring  rate 
was  varied -first;  the  range  covered  was  6,400  pounds/ inch  to  solid  while 
both  vertical  and  lateral  remained  solid.  From  the  structural  loads  and 
vibration  results  11,000  pounds/inch  was  selected  as  the  pitch  spring 
rate  to  be  held  constant  during  vertical  spring  variations.  The  vertical 
range  covered  was  from  solid  down  to  4,000  pounds/ inch  and  6,000  pounds/ 
inch  was  selected  from  the  results. 

An  analysis  of  the  flapwise  bending  at  station  6.0  during  forward 
flight  and  flare  showed  considerable  3P  and  5P  content  superimposed 
on  the  IP.  Note,  IP  lii.main  rotor  rotational  frequency,  normally  5.9P 
cps  (100T),  3P  is  3  times  rotor  frequency,  etc.  The  second  and  third 
harmonic  blade  natural  flap  bending  frequencies  were  slightly  below  the 
3P  and  5P  forcing  frequencies.  Tests  conducted  at  95  percent,  100  percent, 
and  105  percent  illustrated  the  diminishing  response  of  the  blade  as  the 
forcing  frequency  was  increased  and  separated  from  the  natural.  The  3P 
and  5P  bending  moments  were  reduced  by  approximately  45  and  55  percent 
respectively.  The  reduction  of  the  blade  natural  frequencies  had  a 
similar  effect;  at  100  knots,  the  3P  bending  moment  was  reduced  from 
4,090  inch  pounds  to  2,400  inch  pounds  and  the  5P  from  1,960  inch  pounds 
to  740  inch  pounds.  In  reducing  these  moments,  the  weights  reduced  the 
3P  and  5P  driving  forces  which  produced  the  4P  pitching  and  rolling 
mosient  into  the  fuselage.  The  vibration  benefited  to  a  minimum  degree. 

To  reduce  the  4P  moment  further,  a  transmission  lateral  .spring  was 
introduced^wlth  a  rate  of  19,000  pounds/ inch;  it  did  reduce  the  cabin 
vibration  to  a  small  degree,  but  did  not  affect  the  structural  loads. 
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Records  showed  a  IP  flapping  component  increasing  with  spaed  at  high  speed 
and  producing  a  nose  down  moment  and  indicating  that  a  reduction  of  tail- 
plane  negative  incidence  would  be  of  value  in  reducing  the  total  bending 
moment.  The  tailplane  incidence  wa b  changed  from  -5fc°  to  -3°  for  test 
228.  The  bhange  in  slope  of  the  flapwise  bending  moment  curve  between 
figures  4  and  5  at  high  speed  is  attributable  to  this  change. 

Figures  6  and  7  illustrate  the  affect  of  normal  acceliation  on  the 
flapwise  bending  moment  at  station  6.0  at  two  centers  of  gravity.  The 
average  moment  increased  towards  up  flapping  with  increasing  load  factor 
due  to  lift  on  the  rotor  blade.  Down  flapping  was  recorded  at  1.0  g 
due  to  the  fact  that  the  blade  line  was  below  the  cone  angle  built  into  the 
hub.  Zero  moment  was  recorded  whin  the  blade  at  this  station  lined  up 
with  the  hub  cone  angle.  The  smaller  built-in  cone  angle  on  the  three- 
blade  rotor  and  the  30  percent  greater  lift  per  blade  resulted  in  the 
different  intercept  shown  in  the  graphs.  The  Phase  III  flapping  cyclic 
stresses,  figure  7,  at  the  aft  C.G.  were  of  the  order  of  10  percent  lower 
than  those  at  a  mid-C.G.  on  Phase  II.  At  the  forward  C.G. ,  figure  6, 
they  were:about  30  percent  lover  than  the  Phase  II  mid-C.G.  Chordwlse 
average  and  cyclic  moments  in  maneuver  were  50  percent  lower  than -with 
the  three-blade  rotor  except  at  high  load  factors  where  the  reduction  in 
average  moment  was  about  10  percent.  The  cyclic  flapbise  and  chordwise 
stresses  at  station  6.0  are  the  maximum  that  occurred  during  the  maneuvers 
and  do  not  necessarily  coincide  with  the  maximum  load  factor. 

The  spanwise  bending  moment  distribution  in  high  speed  level  flight, 
descent,  and  in  maneuver  are  shown  in  figures  10  through  15. 

Vibration 


Vibration  level  in  the  cabin  was  measured  for  speeds  up  to  132  knots 
CAS  in  level  flight  and  to  165  kncts  CAS  in  a  descent.  Tri-axis  (vertical, 
fore  and. aft,  lateral)  measurements  were  made  on  the  cabin  floor  at  the 
pilot's  seat.  Vibration  data  in  the  3  axes  is  plotted  versus  airspeed 
(CAS);  figure  16. 

The  analysis  of  vibration  for  the  various  configuration  was  carried 
out  in  conjunction  with  the  structural  loads,  because  they  were  in  most 
cases  a  function  of  each  other.  The  comparison  with  the  three-blade  data 
is  obvious,  but  it  must  be  pointed  out  that  the  three-blade  data  represents 
only  the  soft  <iabin  configuration.  The  high  vibration  level  remaining  at 
the  termination  of  Phase  III  was  the  only  problem  of  any  significance  and 
was  the  factor  which  limited  the  speeds  attainable  under  this  contract. 

Stability 

No  adverse  stability  characteristics  were  recorded  at  any  time 
throughout  the  Phase  III  flying.  There  was  a  tendency  for  the  static 
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longitudinal  stability  to  become  neutral  at  high  speed  and  some  cyclic 
.cross-coupling  existed.  The  correction  of  the  cross-coupling  would  have 
improved  the  stability  which  could  have  been  made  further  positive  by 
aerodynamic  shaping  of  the  gyro  arms.  For  the  purposes  of  the  program, 
neither  the  stability  nor  the  coupling  warranted  corrective  action. 

The  cyclic  control  to  trim  is  shown  in  figures  17  and  19  in  terms 
of  control  position  and  maximum  blade  incidence.  Figure  18  shows  the 
results  of  constant  collective  static  stick  fixed  and  free  longitudinal 
stability  measurements. 

Figures  20  and  21  illustrate  the  longitudinal  and  lateral  control 
power  and  22  compares  Phase  II  and  Phase  III  results.  The  lateral  control 
power  was  increased  by  14  percent  to  12.0  degrees/second-inch  and  in  both 
phases  and  was  independent  of  speed.  Longitudinally,  the  20  to  25  percent 
increase  apparent  at  the  lower  airspeeds  decreased  with  speed  to  become 
zero  at  about  110  knots  IAS.  The  data  was  obtained  from  longitudinal 
step  Inputs  in  the  hover  and  at  70  and  110  knots  IAS.  The  time  histories 
showed  compliance  with  MIL-H-8501A  in  that  the  angular  velocity  was  in 
the  proper  direction  within  0.2  seconds  of  the  control  displacement  and 
the  point  of  Inflection  of  normal  acceleration  occurred  within  1.0  second 
of  the  control  displacement. 

The  stick  force  per  g  plots  in  figures  23,  24,  and  25  Illustrate 
the  greatest  single  improvement  of  the  four-blade  rotor  relative  to  the 
three-blade  rotor.  No  pitch  up,  nor  any  tendency  for  the  stick  force/g 
to  be  other  than  positive  was  experienced  during  Phase  III.  The  stick 
force/g  has  improved  150  to  200  percent,  providing  a  high  degree  of  confi¬ 
dence  with  regard  to  the  anticipated  outcome  of  maneuver  tests  at  high 
airspeeds.  An  envelope  of  the  bank  angles  flown  during  these  maneuvers 
is  presented  in  figure  26. 

A  number  of  entries  and  autorotations  were  afffccted  in  the  range 
80  to  120  knots  CAS;  the  characteristics  were  normal  and  perfectly 
acceptable.  The  load  factor  to  hold  rotor  speed  presented  in  figure 
27  stems  from  tests  conducted  to  assist  in  the  definition  of  the  technique 
to  be  used  following  failure  of  the  rotor  engine  on  the  compound  helicopter. 

Performance 

Performance  data  presented  in  figure  29  is  not  representative  of 
the  four-bladed  clean  helicopter  configuration  in  that  at  the  time  the 
tests  were  conducted,  the  blade  weights  were  installed,  and  they  represent 
a  significant  and  unknown  drag  Increment.  Tne  hover  data  presented  in 
figure  28  is  clean  four-blade  data. 


\ 


\ 


5 


ML  mu 

INDEI 


Fleurs  Title 


1  flight  Envelope  -  C.G.  1.46"  Forward  ..... 

..  .1 

2  Flight  Envelope  -  C.G.  2.15"  Aft  . 

3  Moment  at  Hub  Station  6.0  -  Initial  Phase  III 

Data . . . .  ; . . 

4  Moment  at  Hub  Station  6.0  -  Transmission  Sus- 

,  pension  Modified  Blade  Weights  Incorporated  • 

5  Moment  at  Hub  Station  6.0  -  FinAl  Phase  III 

Configuration  -  Tailplane  >3°  4  • 

6  Flap  Bending  Moment  at  Station  ▼s.  Load  Fao- 
tor  .C.C.  1.46"  Forward  -  Final  Phaoe  III  Con¬ 
figuration  .................. 

7  Flap  Bending  Moment  at  Station  6.0  vs.  Load* 
Factor  -  C.G.  2.15"  Aft  -  Final  These  III  Con- 
figuration'  ••••••••«••«••••••• 

8  Chord  Bending  Moment  at  Hub  Station  6.0  vs. 

Load  Factdr  -  C.Q.  1.46"  Forward  -  Final  Phase 
III  Configuration 

9  Chord  Bending  Moment  at  Hub  Station  6.0  vs. 

Load  Factor  -  C.Q.  2,15*  Aft  «  Final  Phase  III 
Configuration  ..«••••••••«*••* 

10  Flap  Banding  Moment  at  bub  Station  6.0  vs.  Span 
•  Level  Flight  -  Final  Fbast  III  Configuration  » 


Figure 


21Ua 


XI  Chord  Bonding  Moment  at  Station  6.0  tc,  Span 

Level  Flight  «  Final  Phaae  XII  Configuration 

12  Flap  Bending  Moment  at  Hub  Station  6,0  vs. 
Span  in  Dive  -  Final  Phase  III  Configuration 

13  Chord  Bending  Moment  at  station  6,0  vs*  Span 
in  Dive  -  Final  Phase  III  Configuration  • 

14  Flap  Bending  Moment  at  Hub  Station  6.0  vs. 

Span  in  Maneuver  -  Final  Phase  III  Configu¬ 
ration  . . 

15  Chord  Bending  Moment  at  Station  6.0  vs.  Span 
in  Maneuver  -  Final  Phase  III  Configuration. 

16  Cabin  Vibration  Level  -  Final  Phase  III 
Configuration  ............... 

17  Control  to  Trim  in  level  Flight  •••••• 

IB  Constant  Collective  Static  Longitudinal  Sta¬ 
bility  . 

19  Blade  Incidence  to  Trim  in  level  Flight  .  . 

20  Longitudinal  Control  Power  ......... 

21  Lateral  Control  Power  . 

22  .  Control  Power  Comparison  -  3-blade  and  4- 

blade  Rotor*  .........  .  . 
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